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Abstract-We report the results of an experimental study on the radiation hardness of 4H-SiC diodes used as -particle detectors with 1 MeV neutrons up to a fluence of 8 10 15 n/cm 2 . As the irradiation level approaches the range 10 15 n/cm 2 , the material behaves as intrinsic due to a very high compensation effect and the diodes are still able to detect with a reasonable good Charge Collection Efficiency (CCE = 80%). For fluences 10 15 n/cm 2 CCE decreases monotonically to 20% at the highest fluence. Heavily irradiated SiC diodes have been studied by means of Photo Induced Current Transient Spectroscopy (PICTS) technique in order to characterize the electronic levels associated with the irradiation-induced defects. The dominant features of the PICTS spectra occur between 400-700 K; in this temperature range the deep levels associated with the induced defects play the main role in degradation of the CCE. Enthalpy, capture cross-section and concentration of such deep levels were calculated and we found that two deep levels (E = 1 18 eV and E = 1 50 eV) are responsible for the decrease in CCE. They have been associated to an elementary defect involving a carbon vacancy and to a defect complex involving a carbon and a silicon vacancy, respectively. Index Terms-DLTS, extended defects, irradiated silicon carbide, PICTS, silicon carbide detectors.
I. INTRODUCTION

C
ONSIDERING the expected total fluence of fast hadrons above cm in a possible upgrade of the Large Hadron Collider (LHC) at CERN to a ten time increased luminosity of cm s , the semiconductor and/or semi-insulating detectors must be ultra radiation hard providing a fast and efficient charge collection [1] .
Silicon carbide is one of the most promising wide band gap material due to its high breakdown electric field, high electron saturation velocity, high operating temperature and high radiation hardness properties [2] , [3] . For these reasons over the last few years considerable effort has been concentrated on better understanding the detection performances of silicon carbide detectors after heavy irradiation. The most recent results concern [12] as well as semi-insulating 4H-SiC materials [13] - [15] . It is well known that the degradation of the detectors with irradiation is caused by lattice defects, like creation of vacancies (point-like defects) or damage regions (cluster), independently from the material used for their realization, and, again, that a crucial aspect for the understanding of the defect kinetics at a microscopic level is the correct identification of the crystal defects in terms of their electrical activity. The understanding of the defect kinetics, in fact, would inform how to modify deliberately the material in order to reduce the degradation of the electrical properties of the detectors [16]- [18] .
For this purpose a preliminary study has been done by irradiation epitaxial 4H-SiC detectors with 6.5 MeV protons and 8 and 15 MeV electrons [19] , [20] ; here the study has been extended to the case of 4H-SiC detectors irradiated at different values of 1 MeV neutron fluences up to a maximum value of n/cm .
II. DETECTOR FABRICATION
Tested devices are Schottky diodes manufactured by Selex Integrated Systems (Roma, Italy) on epitaxial 4H-SiC layer grown by CREE Research (USA). The details of the processes are reported elsewhere [21] , [22] . The epitaxial layer thickness and its net doping concentration , measured by C/V technique before neutron irradiation, were found to be 39 m and cm , respectively. The detector performances, Charge Collection Efficiency (CCE) and Full Width Half Maximum (FWHM), have been measured by 5.486 MeV -particle from Am source in vacuum (about 1Pa), using standard procedures which have been described more in depth elsewhere [23] .
The transport properties and the electronic level associated with the defects were analysed by current-voltage (I/V) characteristics, Deep Level Transient Spectroscopy (DLTS) and Photo Induced Current Transient Spectroscopy (PICTS) measurements up to 650 K, respectively.
The free carrier concentration was measured by capacitancevoltage (C/V) characteristics in the as-prepared and the less irradiated ( n/cm ) samples to monitor the compensation effects by intrinsic-irradiation-induced defects. The procedures have been described in the [24] .
The used (TRIGA), the irradiation set up and procedure and the neutron spectrum can be found in [25] , [26] .
The neutron irradiation levels used range from /cm to /cm .
III. EXPERIMENTAL RESULTS AND DISCUSSION
A. -Particle Detection Fig. 1 shows the spectra acquired with a detector irradiated at a fluence of n/cm at the indicated reverse bias voltages with a shaping time of 0.5 s and with the alpha particles impinging the Schottky contact.
The energy resolution measured in keV FWHM is shown in Fig. 2 as a function of the reverse bias for the un-irradiated detectors and, for clearness reason, only for the detectors irradiated at the fluences reported in the inset.
From these curves it can be inferred that the energy resolution evolution shows a maximum (the worst energy resolution case) for the irradiated detectors, while for the un-irradiated one it decreases monotonically with increasing the reverse bias. This behaviour has been already observed in previous works [21] , [27] , [28] and the reasons why the FWHM shows a maximum, as well as a shift of this maximum, towards higher bias voltages at the highest fluences, are not yet clarified.
Further research is in progress in order to understand these behaviours. The main finding of this analysis are as follows: i) Irradiated detectors at fluences higher than n/cm can withstand higher voltages without breakdown. ii) The CCE seems to decrease monotonically with increasing the neutron fluence, . This behaviour is well highlighted by plotting the CCE value at the highest reverse bias versus (Fig. 4) . The inset evidences this dependence at n/cm . iii) Even after a strong irradiation at n/cm , the detector is still operative, even if the CCE is decreased to about 20%.
B. I/V Curves
The diodes current densities as a function of forward and reverse voltage, before and after irradiation at the more significant neutron fluences, are shown in Fig. 5(a) .
From the analysis it can be inferred that: i) After irradiation the material has become intrinsic and this fact is shown by the decrease of the current density both in forward and reverse bias polarization. ii) The irradiation at fluences higher than n/cm produces the same current density in both of the bias polarization. Fig. 5(b) shows the forward and reverse current densities as a function of measured at V and V, respectively. Such a behaviour has been already observed in previous works concerning the electrical study of electron [24] and neutron [11] irradiated 4H-SiC CVD epitaxial layers and it has been interpreted according to the following model: the un-compensated donor levels in the space charge region are compensated by acceptor-like defects introduced by irradiation in the band-gap with a consequent free carrier concentration decrease. This compensation effect is particularly evident in diodes irradiated at fluences n/cm when the concentration of the induced defects becomes comparable to the net doping density. Since the neutron irradiation expectedly introduces defects in the material, which act as charge carrier trapping centers, a set of reverse current measurements has been done in the temperature range K in order to estimate the thermal activation energies values of the centers. Fig. 6 shows the Richardson Plot of the reverse diode current I/T vs. inverse temperature (1000/T) for un-irradiated and irradiated diodes up to n/cm . Two approximate grouping of curves, labelled A and B, have been identified which refer to diodes irradiated at fluences lower than n/cm and higher than n/cm , respectively. Nearby each group the range of the thermal activation energy values is reported in eV. The aforesaid grouping has the purpose to suggest an indicative correlation between traps and CCE, that is the remarkable CCE degradation observed in the most irradiated samples has to be ascribed to the induced deepest levels.
C. DLTS and PICTS Analysis
A better electrical characterization of the irradiation-induced defects is however required to monitor in more details the compensation effects and moreover to explain the observed degradation of the CCE at the highest neutron fluences.
For this purpose DLTS and PICTS accurate measurements have been carried out on the as-prepared and neutron irradiated samples.
It is worth reminding that DLTS is used for semiconducting materials and gives information on majority carrier traps, while PICTS is applied to highly resistive samples and gives information on both majority and minority carriers.
It is also to be noted that from DLTS analysis one can determine the trap concentration and from PICTS it is possible to estimate the order of magnitude of the trap density. Fig. 7(a) shows the DLTS spectrum of the un-irradiated sample with the DLTS signal in the vertical scale converted in the density of levels, , where the levels act as electron trapping centers.
The main finding is that, even if the deep levels SN5 and SN6 likely play the main role in the limitation of the CCE after further irradiation, here their density is too low ( cm ) to effectively influence it, in agreement with the experimental data of Fig. 3 .
As a consequence of the neutron irradiation at and n/cm , two main findings can be evidenced from the DLTS results: i) A new electron trapping center, labelled SN7, with eV appears. ii) of SN5, SN6 and SN7 increases with the fluence . Their maximum value, however, remains always lower than cm , that explains the good charge collection efficiency (Fig. 3) even after irradiation at the above mentioned fluences. For this reason DLTS spectra in Figs. 7(a) and (b) have been considered in this study.
The compensation of free charge carriers due to the presence in the gap of defect-related deep levels have been also monitored by C-V characteristics carried out in the temperature range K. Significant compensation effects were observed mainly in the samples irradiated with fluences higher than n/cm . In these samples, because of the high leakage current and other factors related to the low density of free carriers in comparison to the trap density, PICTS was considered the appropriate tool to investigate the microscopic electronic properties of the neutron induced defects, such as enthalpy, , and capture cross section, .
With the same technique, the order of magnitude of the defect concentration, , has been obtained using the normalized double-gate signal.
The dependence of the absorbed light on the temperature has been accounted for and its evolution with the fluence has been carefully monitored [29] .
The typical shape of a PICTS spectrum, acquired in the temperature range K, is shown in Fig. 8 relevant to a diode irradiated at a fluence of n/cm . The dominant features occur between 400 and 650 K, excluding SN1.
In this range of temperature broad peaks can be observed which correspond to the deep levels SN5, SN6 and SN7 as it is stressed by the Arrhenius Plot shown in Fig. 9 . A few of these levels correspond to the electronic levels detected by DLTS in the lower fluence irradiated samples, but they exhibit different features.
As the fluence rises to higher values ( n/cm ), the normalized PICTS signal, I/IL , of these levels increases and consequently their .
To identify which of them play the main role in the degradation of the detection properties the mean free drift time or trapping time, , and the detrapping time, , of these electron trapping centers have been evaluated [7] , [42] .
and evaluated for the most irradiated samples ( n/cm ) are reported in Table I together with and their capture cross section , determined by the Arrhenius Plot. Table I reports also the comparison of the levels found in the present work to the levels from literature as well as their possible identification. It is obvious that the deepest levels SN6 and SN7 become dominant at the highest fluence, meaning that their trapping times are comparable to or lower than the transit time of the electrons in the detector and that their detrapping times are much higher than the time constant ( s) of the shaping network, which defines the time the electronic system will spend collecting any charge induced by the ionising radiation. In fact, at the highest reverse bias, electrons require about s to drift the SiC detector depleted region (39 m) at the saturation drift velocity of cm/s. In these cases the most of generated charge carriers are lost and do not contribute to the collected charge signal [42] .
It is worth noting that it is not possible to quantitatively assess the dependence of on for the levels SN6 and SN7 when goes up to values higher than n/cm . On other hand, because of the considerable importance of these centers, we are aware that what is required to a quantitative analysis is a study carried out with a more appropriate technique, such as the Current-Deep Level Transient Spectroscopy (I-DLTS) [43] , which we are currently setting up and we hope to carry out on these samples in the near future.
IV. CONCLUSION
Radiation hardness after 1 MeV neutron fluences in the range n/cm of 4H-SiC Schottky diodes has been analysed. The main findings of this analysis are the following: i) Even after an irradiation at fluence of n/cm , the diodes were still able to detect alpha particles of a Am source with a CCE of about 20% at the highest reverse bias applied.
ii) The detectors continue to be operative with a high CCE ( %) until fluences of the order of some n/cm . After fluences of the order of n/cm , the collected charge signal decreases with a decreasing rate of degradation. iii) A change of the material to intrinsic has been observed with a flat C-V response and with very similar I-V response in forward and reverse bias as the irradiation levels approaches the range n/cm . Moreover for irradiated samples the leakage current remain very low in the range A/cm , even after fluences of the order of n/cm . Actually the material is behaving as intrinsic because it is highly compensated. Compensation of 4H-SiC Schottky diodes due to radiation induced defects has been already reported [24] . iv) According to I-V measurements as a function of temperature (Richardson Plot), we expect that the trapping centers, which play the main role in the decrease of the CCE, are related to deep levels with eV. v) PICTS measurements, carried out on samples irradiated at n/cm , confirm this expectation. PICTS spectra exhibit, in fact, broad and distorted peaks in the temperature range K, which increase in amplitude with . They are defects, which behave as electron trapping centers and have been electrically characterized in terms of enthalpy , cross section and, even if only in order of magnitude, concentration . Two of these defects, for whom was calculated to be in the order of cm for the most irradiated samples, have been identified as the trapping centers, which play the main role in the degradation of the detector's response. They are, indeed, deep levels with and 1.50 eV, respectively and, above all, with trapping times comparable or lower than the transit time of the charge carriers. According to the data reported in literature [33] , [40] , [41] , these defects can be identified as a defect complex involving carbon vacancy, , and carbon and silicon vacancy, .
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